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Introduction
Switched reluctance motors exhibit complementary performances to that of classical motors. Due to a passive rotor and no need for any magnet, SRM provide an attractive alternative for high-speed applications [1] , and in high surrounding temperatures. However, the noise generated from this machine is greater than for other machines.
A salient rotor and a rectangular current shape lead to an increase of noise emissions [2] .
Many solutions have been studied in the aim of decreasing SRM noise emissions; these include adapted current shape [3] , optimal stator design [2] or active control [4] .
The method used in this paper is based on an active con-trol of piezoelectric elements. In a previous paper [5] , the decrease of the SRM vibrations has been studied using a single phase SRM with a single piezoelectric phase (2 actuators) in the aim of validating the method. The control has been achieved with a single input single output (SISO) Positive Position Feedback (PPF) that is a classical solution in vibration problems. In order to generalize the method, this vibration reduction principle is here applied for a three phase SRM with three piezoelectric phases (6 actuators). Moreover, the current applied on the SRM is now a sinusoidal one so as to obtain a better reduction of vibrations. A sinusoidal current feeding generates a rotating magnetic field and consequently a mechanical travelling wave. From this property, the design of a new controller is realized. The controller is designed so as to generate a mechanical travelling wave that is able to decrease the resulting displacement (due to the mutual effect of magnetic and piezoelectric phases). The optimal placement and design of the PZT actuators stuck on the SRM stator are achieved with an extension of the method described in [6] , [7] .
This paper begins by presenting the interests of a sinusoidal current regulation of the magnetic current in comparison with a classical current regulation. An optimization of the current shape with torque maximization and vibratory level minimization focuses on the advantages of a sinusoidal current regulation. Classical current and sinusoidal regulation schemes are compared and the contribution to the vibration reduction is experimentally obtained.
Then, the theory of a vectorial vibration control under a sinusoidal magnetic current control is detailed. Up to now, the main criteria of SRM designers were the magnetic efficiency maximization and the power electronic optimization. Thus, current shape and power inverter were designed in this context; the current feeding of the SRM is then often achieved with a rectangular current shape and an unidirectional power inverter. Minimization of the active component numbers and no need of sophisticated position sensor are then the main criteria for the design.
An optimization using a genetic algorithm (NSGA II, [8] ) is achieved so as to design the best current shape for a typical 6/4 SRM. This method could easily be adapted to the other SRM geometries. Two objectives are computed in order to obtain a Pareto front of optima: torque maximization deduced from the tangential force obtained by finite element simulations and Joule losses minimization.
A current SRM period is thus divided in little intervals, giving 360 current samples (i 
Control Scheme
The comparison between a rectangular and a sinusoidal current feeding in relation to the produced vibratory acceleration is realized with the inverter of figure 2 considering one phase feeding. The rectangular and the si- The transfer function of the closed-loop system is given by :
where R and L are respectively the phase winding re- 
where ξ is the damping ratio and w n is the bandwidth of the closed loop system. The proportional K p and integral K i gains are computed according to equations 1 and 2:
An analytical modeling is adopted for the calculation of the phase inductance based on the given curves ( figure   5 ) obtained from finite element analysis [9] . The position dependency is represented by a limited number of Fourier serie terms (P + 1) and the nonlinear variation with current is expressed by N order polynomial functions. The phase inductance L, function of rotor position and phase current, can be finally written as follows :
with a p is a polynomial function of current i. Therefore, for a chosen controller characteristic (ξ and w n ), its gains (K p and K i ) vary with the current and the position in order to maintain the same time response of the current.
Experimental results
All experimental tests are realized with a rotational speed This kind of current shape applied to a magnetic phase generates a force density (P mag ) on the corresponding teeth of the stator [11] . It can be approximated by:
where B is the flux density on the surface of a teeth. Considering a sinusoidal current control of SRM, this force density can be described by:
The force density applied on the teeth generates a vibratory acceleration of the stator:
where h(t, θ) is the mechanical impulse response of the stator considered for a mode 2 mechanical resonance (the most important resonance in this application) and θ the mechanical angle between the considered position and the magnetic phase 1.
The vibratory displacement is smaller than stator dimensions, so that the vibratory displacement can be easily deduced from the force density applied according to the elastic assumption. The force density generated by current feeding is composed of harmonics that excite the mechanical structure. Only harmonics near from mode 2 resonance frequency are considered. At last, the vibratory acceleration is deduced from the vibratory displacement by derivations:
where K ′ phase is deduced from equations 6 and 7.
Equation (8) 
The three magnetic phases generate a travelling wave of vibratory acceleration which depends on position and time for a mode 2 strain at the pulsation 2ω, figure 10. 
PZT actuator regulator based on travelling wave principle
In order to reduce the vibration generated by the SRM functioning, PZT actuators are stuck on the SRM stator.
The aim of these actuators is to create a stress and thus a strain that added to the magnetic one reduces the resulting strain and consequently, the vibratory acceleration.
One PZT actuator stuck on the SRM stator generates a vibratory displacement according to the Hooke's law [12]:
where V P ZT (t) is the voltage applied to the PZT actuator and K P ZT , the piezoelectric conversion coefficient which depends on PZT properties (d 31 , etc.) and actuator dimensions. According to section 3.1, the vibratory acceleration is computed by:
with θ 0 , the actuator position measured from the first magnetic phase. K ′ P ZT , is a mechanical parameter which depends on the piezoelectric parameter K P ZT and on the mechanical resonance. In order to obtain the same vibratory acceleration as in the magnetic case (equation 8), the applied voltage has to be V P ZT (t) = V cos(2ωt + φ 0 ) with φ 0 = θ 0 + δφ, δφ beeing the electric phase of the actuator voltage (measured since the magnetic axis 1). Thus, the vibratory acceleration is computed by:
Considering the 3 pairs of actuators, the total vibratory acceleration due to the actuators is:
Equation 13 shows that 3 pairs of actuators with an appropriate control (V and δφ) generate a travelling wave of vibratory acceleration like 3 magnetic phases.
2 accelerometers are placed so as to measure the vibratory accelerations, γ f1 and γ f2 , on the magnetic phase 1 (θ = 0) and 2 (θ = 
where a is a complex operator (a = e j 2π 3 ). In the same way, without current control (I = 0), the vibratory acceleration complex vector due to PZT actuators can also be defined as:
The total vibratory acceleration is described by the sum of the two previous equations: Figure 12 represents a vectorial representation of the acceleration vectors in the rotating frame. However, the knowledge of the vibratory acceleration field allows the design of a more simple controller. The new vectorial controller is designed in a frame which rotates at the speed 2ω. The problem is then reduced at a constant value control of the complex vibratory acceleration magnitude.
Thus, equations 15 and 17 are multiplied by a rotation factor e −2ωt , and a control scheme is deduced from these equations, figure 13: ation magnitude is deduced, Figure 15 . The simulation scheme is based on figure 13 . Figure 16 shows a compari- Ongoing works aim at enhancing the effectiveness of active damping techniques, and at their implementation on a three-phase SRM having several vibration modes in the audible spectrum. Furthermore, this theory has to be generalized for all kinds of current feedings.
